High salinity has become an increasingly prevalent source of stress to which plants need to adapt. The 3 7 receptor-like protein kinases (RLKs), including the cysteine-rich receptor-like kinase (CRK) subfamily, 3 8 are a highly expanded family of transmembrane proteins in plants that are largely responsible for 3 9 communication between cells and the extracellular environment. Various CRKs have been implicated in 4 0 biotic and abiotic stress responses, however their functions on a cellular level remain largely 4 1 uncharacterized. Here we have shown that CRK2 enhances salt tolerance at the germination stage in 4 2
CRK2 was previously linked to multiple stress-related processes (Bourdais et al., 2015) , however the 1 0 4 mechanisms of its involvement on a biochemical and cellular level remained uncharacterized. RLKs 1 0 5 typically do not act alone, but rather in protein complexes. Therefore, we performed a proteomics screen 1 0 6 to identify proteins participating in CRK2-containing complexes as an initial step for further 1 0 7 characterization of protein function. CRK2−YFP protein was immunoaffinity-purified from seedlings and 1 0 8 interacting proteins were identified by mass spectrometry. Unspecific interactors were removed by 1 0 9 comparison to the YFP−Myc control line to exclude proteins identified as interacting with YFP. The full 1 1 0 list of identified proteins is available in Supplementary Table 1 . Experiments were performed under 1 1 1 standard growth conditions as well as NaCl and H 2 O 2 treatments; however, in most cases no striking 1 1 2 differences in identified proteins were noted between the different conditions. The majority of top 1 1 3 interactors identified were plasma membrane associated proteins. Cytoplasmic proteins and extracellular 1 1 4 proteins were also considered relevant, as CRK2 contains domains which extend into both the apoplast Several interesting proteins were identified which were previously implicated in salt stress responses, and 1 3 5 a list of selected interactors is presented in Table 1 . The selected proteins were chosen based on high 1 3 6 confidence scores from mass spectrometry identification, frequency of replicates identified in, and 1 3 7 references to salt stress involvement in literature. Many of the top interactors have been linked to salt 1 3 8 tolerance, including aquaporins (Bhardwaj et al., 2013) , ATPases (Janicka-Russak and Kabała, 2015) , and 1 3 9 PHOSPHOLIPASE D ALPHA 1 (PLDα1; Bargmann et al., 2009 ). PLDα1 was identified as a CRK2-1 4 0 interacting protein in all eight replicates, and was consistently one of the top interactors (Table 1; 1 4 1 Supplementary Table. 1). PLDα1 is mainly located in the cytoplasm in the resting state, and translocates 1 4 2 to the plasma membrane upon activation (Wang et al., 2000; Zien et al., 2001) . The C-terminal 1 4 3 cytoplasmic domain of CRK2 could potentially mediate this docking, or alternatively, respond to PLDα1 1 4 4 docking. Three callose synthases were identified, and while callose deposition has not yet been explicitly 1 4 5 documented during salt stress, it is a common feature to many other stress responses such as pathogen infection (Felix et al., 1999; Gómez-Gómez and Boller, 2000; Jacobs et al., 2003) , heavy metal toxicity 1 4 7 (O'Lexy et al., 2018) , and osmotic stress (Xie et al., 2012) . While the callose synthases were only 1 4 8 3 0 0 response to acute salt stress has not yet been characterized. We could show that in wild-type Col-0 plants 3 0 1 there was a significant increase in callose deposition in response to NaCl (Fig. 4A and B ). This response 3 0 2 was exaggerated in plants overexpressing CRK2 and lacking in the crk2 and kinase-dead lines, suggesting 3 0 3 that functionally active CRK2 protein is required for a salt-induced callose response ( Fig. 4A and B ). We investigated the importance of callose deposition for salt tolerance by assessing germination of the cals1 3 0 5 mutant (cals1-5; Supplementary Fig. S2 ), which lacks functional CALLOSE SYNTHASE 1 (CALS1). CALS1 is involved in stress response, and regulation of plasmodesmata permeability by CALS1 3 0 7 following pathogen infection and mechanical wounding was demonstrated by (Cui and Lee, 2016) . CALS1 is also one of the callose synthases found to interact with CRK2 and was used here as a 3 0 9
representative, since no suitable mutant lines were available for the other identified callose synthases.
Germination of cals1 was reduced on media containing NaCl compared to Col-0 ( Fig. 4C ). This trend 3 1 1 was observed at both concentrations of NaCl, however the difference was only statistically significant at 3 1 2 the higher 200 mM concentration (Fig. 4C ). The germination defect was not as severe as with crk2 3 1 3 (compare to Fig. 1A) , likely because of redundancy from the other callose synthases still present. The 3 1 4 germination response of additional cals1-2 and cals1-3 alleles was similar to cals1-5 and is shown in 3 1 5 Supplementary Fig. S9 . Salt-induced callose deposition is also lacking in cals1 (Fig. 4D ). Together, these 3 1 6 results further highlight a role for callose deposition during salt stress, and support CALS1 as a major 3 1 7 contributor to salt-induced callose deposition. The effect of CRK2 on salt-induced callose deposition was associated with active PLD-based PA 3 1 9 production. No significant difference was found between the pldα1 line and 1-butanol-treated Col-0, 3 2 0 justifying the interpretation that 1-butanol treatment effectively inhibits PA production by PLD in this 3 2 1 assay ( Fig. 4E ). PLD inhibition did not affect basal callose levels in any of the lines ( Fig. 4B and E), but 3 2 2 effectively prevented increases in callose deposition following NaCl treatment in all lines ( Fig. 4E ).
2 3
Again, 2-butanol was used as a negative control as it does not inhibit PLD activity. A callose response 3 2 4 similar to untreated conditions was observed following 2-butanol pre-treatment ( Fig. 4E ). Therefore, 3 2 5 PLD, like CRK2, is required for the salt-induced callose response. Since CRK2 kinase activity was 3 2 6 required for the salt-induced callose response, we tested the direct phosphorylation capability of CRK2 in 3 2 7 vitro, and found that CRK2 could phosphorylate CALS1 but not PLDα1 (Fig. 4F ). This suggests 3 2 8 phosphorylation as a means by which CRK2 might regulate CALS1, and points to CRK2 downstream of 3 2 9
PLDα1 and upstream of CALS1 as the mostly likely signalling cascade. To test whether the observed callose deposition had a biological effect on plasmodesmal permeability, a 3 3 1 modified version of the Drop-And-See (DANS) assay was employed (Lee et al., 2011) . In this assay a 3 3 2 fluorescent intracellular dye is applied to the adaxial surface of the leaf and diffusion to the abaxial accordance with the decreased basal callose deposition observed in this line ( Fig. 4A and B ). The crk2 3 3 6 line showed an intermediate phenotype where plasmodesmal permeability did not significantly differ from Col-0, perhaps due to genetic redundancy (Fig. 4G) . The pldα1 and cals1 lines did not significantly differ from Col-0 under standard growth conditions ( Fig. 4G ), suggesting their role at plasmodesmata 3 3 9 may be relevant primarily during salt stress. sensitive fluorescent probe which can be transiently loaded into cells, was used to measure the salt-3 4 5 induced calcium response in epidermal cells. The calcium response to NaCl treatment appeared highly 3 4 6 similar in both Col-0 and crk2 (Fig. 5A ), suggesting that CRK2 is not likely to play a crucial role in 3 4 7 regulation of the initial calcium elevation during salt stress. Interestingly, crk2 exhibited an increased 3 4 8 response to mock treatment when compared to Col-0 ( Fig. 5A ). This might suggest a higher 3 4 9 mechanosensitivity in crk2. One drawback of using transient probes is the potential for differential probe 3 5 0 loading between samples and genotypes. Therefore we also used stable transgenic plant lines expressing 3 5 1 the FRET (Förster resonance energy transfer)-based calcium sensor yellow chameleon YCNano-65 3 5 2 (Horikawa et al., 2010) . Calcium imaging was performed on the adaxial epidermal tissue layer. Again, no 3 5 3 strong differences were observed between YCNano-65/Col-0 and YCNano-65/crk2 during the initial 3 5 4 calcium response to NaCl treatment ( Fig. 5B ). Together, these results support the hypothesis that CRK2 is 3 5 5 not directly affecting the initial calcium signal itself during salt stress, but is acting downstream in a 3 5 6 calcium-dependent manner. Soil affected by high salinity is becoming progressively more widespread, particularly across irrigated 3 5 9 agricultural land. This poses an increasing threat to agricultural productivity, as the majority of crop 3 6 0 species are not inherently salt tolerant (Yang and Guo, 2017) . However, attempts at increasing salt 3 6 1 tolerance, through breeding or genetic engineering, must first be preceded by a more thorough 3 6 2 understanding of the mechanisms underlying salt tolerance and the molecular pathways involved in salt 3 6 3 sensing and cellular responses. As discussed earlier, RLKs are responsible for much of the CRKs can be split into two major groups: basal CRKs and variable CRKs. CRK2 is a member of the Building on this knowledge, the next step is to characterize the specific functions and protein interactions 3 7 1 of CRK2 in these processes. to salt stress responses. Here we show that callose deposition is elevated during salt tolerance and the 3 7 8 acute response to salt stress, and that NaCl-induced callose deposition is regulated in part by CRK2. Increased CRK2 expression leads to higher levels of callose deposition following salt treatment, and synthase activity, and an interesting subject for future research. PLD activity was also required for salt-3 8 5 induced callose deposition; however, it did not affect the basal callose levels. This suggests that PLD may 3 8 6 not be directly involved in the CRK2-callose synthase interaction, but is more likely exerting its effect 3 8 7 upstream in this pathway. The observation that CRK2 can phosphorylate CALS1, but not PLDα1, hypothesis that it is PLD activity, and PA production, which is a key factor in the interaction of CRK2 3 9 0 and PLD, rather than a CRK2-directed phosphorylation-based interaction. The PLD protein family has been previously associated with salt stress tolerance (Hong et al., 2010) . These enzymes cleave phospholipids to produce PA and a free head group. PLD, along with its product 3 9 3 PA, has been linked to a wide range of cellular processes in eukaryotic cells, including endocytosis and 3 9 4 vesicle trafficking (Koch et al., 2003; Lee et al., 2006; Shen et al., 2001; Thakur et al., 2016) , membrane 3 9 5 composition and microdomains (Faraudo and Travesset, 2007) , and microtubule and cytoskeletal dynamics (Zhang et al., 2017 (Zhang et al., , 2012 . Twelve PLD genes are present in Arabidopsis, of which PLDα1 is 3 9 7 the major isoform (Pappan et al., 1998 (Pappan et al., , 1997a (Pappan et al., , 1997b Qin and Wang, 2002; Qin et al., 1997 ; Wang and 2018). Thus, PLD, through its action on membrane domains and cytoskeletal dynamics, could provide a 4 2 5 mechanism for the CRK2 localization changes, and for bringing together various components such as 4 2 6 CRK2 and CALS1. In our proposed model, increased extracellular NaCl concentrations would trigger Ca 2+ influx, as well as 4 2 8
ROS production, as one of the earliest initial responses. This Ca 2+ signal activates PLDα1 and causes its 4 2 9 translocation from the cytoplasm to plasma membrane, leading to PA production and a shift in membrane 4 3 0 properties (Fig. 6 ). This would serve as the scaffold for a change in CRK2 localization from uniformly 4 3 1 along the plasma membrane to specific domains concentrated at plasmodesmata. Once localized at 4 3 2 plasmodesmata, CRK2 interacts with CALS1 to promote callose deposition, ultimately leading to -and the variation between the differentially expressed CRK2 lines -is dependent on active PLD, but Here we have shown that CRK2 enhances salt tolerance at the germination stage in Arabidopsis thaliana 4 3 8 and also increases root length under salt conditions. We demonstrated that CRK2 is involved in the 4 3 9 regulation of callose deposition and can interact with CALS1. We found significant differences in callose 4 4 0 deposition between wild type, crk2 mutant, and CRK2 overexpressing lines, which correlate with 4 4 1 differences in plasmodesmal permeability, and established that functional CRK2 is required for salt-4 4 2 induced callose deposition. In doing so, we revealed a novel role for callose deposition, in response to 4 4 3 increased salinity, and demonstrated its importance for salt tolerance during germination. Using well as calcium and active PLD-based PA production. Thus we propose that CRK2 acts downstream of 4 4 7
PLDα1 during salt stress to promote callose deposition and regulate plasmodesmal permeability, and that 4 4 8 CRK2 adopts specific stress-dependent subcellular localization patterns in order to carry out its functions. propagation and transgenic line creation, seeds were germinated on soil in the greenhouse and grown with 4 5 8 a 12 h light 12 h dark photoperiod. All seeds were stratified in darkness at 4°C for at least 2 days. The pFLS2::FLS2−GFP construct was transformed into GV3101_pSoup Agrobacterium and infiltrated transferred to 12-well plates for treatments (Table 2) . FAST co-cultivation method (Li et al., 2009a) . Following transformation, the seedlings were kept in 5 0 2 darkness for 40 h, moved to light for 24 h, and then analyzed by microscopy as seven-day-old seedlings. or H 2 O 2 treatments (Table 2) . Interacting proteins were isolated from total protein extracts using anti-5 0 7
GFP-coupled magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Proteins were digested 5 0 8
with trypsin to peptides, purified, and sent for identification by mass spectrometry (MS). The MS 5 0 9
analyses were performed on a nanoflow HPLC system (Easy-nLC1000, Thermo Fisher Scientific)
coupled to the Q Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Peptides Seeds were germinated on either untreated, 150 mM NaCl, or 200 mM NaCl media and assessed on day 5 2 6 6. Percent germination was calculated by counting the number of germinated seeds versus total seeds. The using JMP Pro 13 (SAS Institute Inc., Cary, USA). Three replicates were performed for each line and Seeds were germinated on either untreated or 150 mM NaCl media and grown in a vertical position.
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Primary root length was measured on day 7. Statistical significance was determined by one-way ANOVA 5 3 4
with post hoc Dunnett's test using JMP Pro 13. Replicates are as indicated in the figure legends. Following treatments, plant material was immediately frozen in liquid nitrogen and ground to a fine 5 3 7
powder. Total proteins were extracted with sodium dodecyl sulfate (SDS) extraction buffer (50 mM Tris-5 3 8
HCl pH 7.5, 2% SDS, 1% protease inhibitor cocktail (Sigma-Aldrich)) and centrifuged at 4°C, 16 000 x g 5 3 9
for 20 min. Supernatants were loaded in equal protein concentrations and resolved by SDS-PAGE, then Escherichia coli Lemo21 and purified by Glutathion Sepharose 4B (GE Healthcare, Chicago, USA). Resin (New England Biolabs, Ipswich, USA). One µg of kinase protein was incubated in kinase buffer The samples were subsequently separated by SDS-PAGE and exposed to an imaging plate overnight.
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Radioactivity scans were obtained with Fluor Imager FLA-5100 (Fujifilm, Tokyo, Japan). were transferred to 12-well plates and treatments applied as described in Table 2 . Samples were mounted Seven-day-old seedlings were transferred to 12 well plates for treatments ( ANOVA with post hoc Tukey HSD using JMP Pro 13. Replicates are as indicated in the figure legends.
9 0
Image intensity was enhanced for visual representation, however all quantifications were made from the 5 9 1 original images. applied to the adaxial surface. After 5 minutes the liquid was removed with filter paper, samples mounted Heazlewood, J.L., Durek, P., Hummel, J., Selbig, J., Weckwerth, W., Walther, D., Schulze, W.X., 2008. Jacobs, A.K., Lipka, V., Burton, R.A., Panstruga, R., Strizhov, N., Schulze-Lefert, P., Fincher, G.B.,
2003. An Arabidopsis callose synthase, GSL5, is required for wound and papillary callose Publishing, Cham, pp. 77-92. Arabidopsis. Planta 239, 565-575. protein kinases identifies a conserved activation mechanism. Proc. Natl. Acad. Sci. USA 103, Lenglet, A., Jaślan, D., Toyota, M., Mueller, M., Müller, T., Schönknecht, G., Marten, I., Gilroy, S., Li, M., Hong, Y., Wang, X., 2009b. Phospholipase D-and phosphatidic acid-mediated signaling in plants. Li, X., Wang, X., Yang, Y., Li, R., He, Q., Fang, X., Luu, D.-T., Maurel, C., Lin, J., 2011. Single- Tanaka, H., Osakabe, Y., Katsura, S., Mizuno, S., Maruyama, K., Kusakabe, K., Mizoi, J., Shinozaki, K., Thakur, R., Panda, A., Coessens, E., Raj, N., Yadav, S., Balakrishnan, S., Zhang, Q., Georgiev, P., Basak, couples plasma membrane endocytosis with retromer dependent recycling. eLife 5, e18515. Bot. 69, 5325-5339. Xu, B., Cheval, C., Laohavisit, A., Hocking, B., Chiasson, D., Olsson, T.S.G., Shirasu, K., Faulkner, C., New Phytol. 217, 523-539. Yu, L., Nie, J., Cao, C., Jin, Y., Yan, M., Wang, F., Liu, J., Xiao, Y., Liang, Y., Zhang, W., 2010. New Phytol. 188, 762-773. represents a separate immunoprecipitation. Proteins with only 1 peptide identified were removed from 1 0 1 0 further analysis (grey text). Seven-day-old seedlings; nt = untreated, NaCl = 150 mM NaCl 30 min, H2O2 as none (-), weak (+), strong (++), very strong (+++). 35S overexpression lines used in all replicates; 1 0 2 0 seven-day-old seedlings, epidermal cells; treatment times and conditions according to Fig. 4 . CRK2 is required for salt-induced callose deposition. (A) Aniline blue staining for callose deposition. Scale bar = 100 µm. (B) Kinase-active CRK2 is required for NaCl-induced callose deposition. Quantification of callose deposits; comparisons are between untreated and NaCl-treated samples for each line (one-way ANOVA, post hoc Tukey HSD); n = at least 15. (C) Germination of cals1 mutant is reduced on salt-containing media. Comparisons are to Col-0 (one-way ANOVA, post hoc Dunnett); error bars indicate standard deviation; n = 3. (D) CALS1 is required for NaCl-induced callose deposition. Comparisons are between untreated and NaCl-treated samples (one-way ANOVA, post hoc Tukey HSD); n = at least 6. (E) Impact of PLD on callose deposition in CRK2 lines. Comparisons are between untreated and NaCl-treated samples, pre-treated with 1-butanol or 2-butanol, for each line (one-way ANOVA, post hoc Tukey HSD); n = at least 6. (F) CRK2 can phosphorylate the N terminal of CALS1 in vitro, but cannot phosphorylate PLDα1. (G) Plasmodesmal permeability during standard growth conditions; the observed callose deposition correlates with changes in plasmodesmal permeability. Quantification by percent diffusion of a fluorescent intracellular dye from the adaxial to abaxial surface; comparisons are to Col-0 (one-way ANOVA, post hoc Dunnett); n = 3. Seven-day-old seedlings; NaCl treatment 150 mM 30 min; ns not significant, * P < 0.05, ** P < 0.01, *** P < 0.001. Increased extracellular NaCl triggers Ca influx.
2+
Cytoplasmic Ca elevation activates PLDα1 leading to PA production and a shift in membrane properties; this serves as a scaffold for changes in CRK2 localization from uniformly along the p l a s m a m e m b r a n e t o s p e c i fi c d o m a i n s concentrated at plasmodesmata. Once localized at plasmodesmata, CRK2 interacts with CALS1 to promote callose deposition, ultimately leading to enhanced salt tolerance.
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